The class I and II major histocompatibility complex (MHC) genes are apparently subject to evolution by a birth-and-death process. The rate of gene turnover is much slower in the latter genes than in the former. In placental mammals, the class II region can be subdivided into different orthologous subregions or gene clusters (DR, DQ, DO, and DN), but the origins and evolutionary relationships of these gene clusters are not well established. Here we report the results of our study of the times of origin and evolutionary relationships of these gene clusters in mammals. Our analysis suggests that both class II ␣-chain and ␤-chain gene clusters are shared by placental mammals and marsupials, but the gene clusters from nonmammalian species are paralogous to mammalian gene clusters. We estimated the times of divergence between gene clusters in placental mammals using the linearized tree and distance regression methods. Our results indicate that most gene clusters originated 170-200 million years (MY) ago, but that DO ␤-chain genes diverged from the other ␤-chain gene clusters approximately 210-260 MY ago. The phylogenetic trees for the ␣-and ␤-chain genes were not congruent, suggesting that the evolutionary history of the class II gene clusters is more complex than previously thought.
The major histocompatibility complex (MHC) molecules play an important role in the vertebrate immune system. MHC molecules bind foreign antigens (peptides) and present them to T lymphocytes, thereby triggering the appropriate immune responses ( Klein and Horejsi 1997) . MHC genes are classified into two groups known as class I and class II genes. Each of these groups is composed of a large number of member genes that appear to be subject to evolution by a birth-anddeath process, in which new genes are created by repeated gene duplication and some of them are maintained in the genome for a long time, whereas others are deleted or become nonfunctional through deleterious mutations (Gu and Nei 1999; Klein et al. 1993; Nei et al. 1997; Nei and Hughes 1992) .
As a result of the birth-and-death process, the evolutionary longevity of new genes may vary from gene to gene in the MHC. Class I loci undergo a faster rate of birth-and-death evolution than class II loci, and it is difficult to establish the orthologous relationships of different class I genes among different orders of mammals ( Hughes and Nei 1989; Klein and Figueroa 1986) . On the other hand, the longevity of class II genes is much greater than that of class I genes, and for this reason many orthologous loci are shared by different orders of mammals ( Hughes and Nei 1990; Klein and Figueroa 1986) . Hughes and Nei (1990) and Klein and Figueroa (1986) estimated the times of divergence between different gene clusters of mammalian class II ␤-chain loci and concluded that the clusters in the human and mouse genomes were generated about 80-200 million years (MY) ago. However, the number of gene sequences available at that time was small, so the reliability of their estimates was not very high. Because this problem is important for understanding how immune system genes have evolved in vertebrates, and since we now have a sufficient number of ␣-chain sequences, we have decided to study this problem in more detail by using many class II genes from different species with two different statistical methods.
Materials and Methods
The presence of MHC genes has been confirmed in all vertebrates so far studied except in the jawless fish ( Klein and Horejsi 1997) . However, the MHC gene organiza- Figure 1 . Simplified genomic maps of class II MHC genes in different vertebrate species. Only relatively well-characterized genes are presented. These genomic maps are mostly based on articles by Arimura et al. (1995) (rat DNA, DOB), Arimura et al. (1996) (mouse DNA), Hermel and Monaco (1995) (rat DMA/B), Karlsson and Peterson (1992) , Niimi et al. (1995) (cattle DMA/B), Sittisombut et al. (1989) (rabbit genes), and Trowsdale (1995) . The black boxes indicate pseudogenes. tion in mammals differs significantly from that in other vertebrates ( Bingulac-Popovic et al. 1997; Edwards et al. 1999; Flajnik et al. 1999; Kaufman et al. 1999; Shiina et al. 1999) . The MHC of mammals is organized into a class I gene region and a class II gene region. The class II gene region can be further subdivided into several gene clusters (or subregions) that typically include at least one ␣-and one ␤-chain gene ( Figure 1 ). There are four such gene clusters known in the human: DR, DQ, DP, and DM. Two other subregions, DO and DN, have been identified, but DO includes only one ␤-chain gene and DN only one ␣-chain gene. A similar organization of class II genes has been found in other mammalian species, including artiodactyls, rodents, and lagomorphs (rabbits). Thus the basic organization of mammalian class II genes was established prior to the divergence of these mammalian orders, though some of the gene clusters were apparently lost in some evolutionary lineages. For example, the DR cluster appears to be absent in the mole rat (Spalax ehrenbergi) ( Nizetic et al. 1987) . In cattle and sheep, the DP cluster appears to have been replaced by the DI/ DY cluster ( Figure 1 ; Andersson and Rask 1988) . The orthologous relationships of these gene clusters between marsupials and placental mammals are even less clear. Furthermore, nonmammalian class II genes are not orthologous to mammalian genes ( Hughes and Nei 1990; Nei et al. 1997) .
Nucleotide sequences of the class II genes consisting of the two extracellular domains, connecting peptide, transmembrane, and part of the cytoplasmic tail were obtained from GenBank ( Tables 1  and 2 ). Pseudogenes were not used. In the case where allelic variants were found at a locus, only a single typical allele was used to represent that locus. We studied several different species including a marsupial (wallaby), several different placental mammals, chicken (␤-chain gene only), Xenopus (␤-chain gene only), a bony fish (zebrafish), and a cartilaginous fish (shark) ( Tables 1 and 2 ). The DM genes were excluded from our analysis because their function is different from that of other genes and their sequences are very different. The DM genes are known to have originated much earlier than the diversification of mammalian orders ( Nei et al. 1997) .
The nucleotide sequences obtained were aligned by using the CLUSTAL W computer program ( Thompson et al. 1994) , taking into account the deduced amino acid sequences. Sequence alignment was done separately for the ␣-and ␤-chain genes. Minor adjustments were made to the alignments after visual inspection. The numbers of nucleotides used for the ␣-and ␤-chain genes were 612 (204 codons) and 573 (191 codons), respectively. Phylogenetic trees were constructed from both nucleotide and amino acid sequences by using the neighbor-joining ( NJ) method (Saitou and Nei 1987) as implemented in the computer program MEGA 1.03 ( Kumar et al. 1993 ). For nucleotide sequences, the Kimura distances (1980) for all codon positions and for first and second codon positions were used. The Poisson-correction (PC) and PC gamma distances ( Nei and Kumar 2000) were also used for amino acid sequence data. We estimated the gamma shape parameter, a, by the method of Gu and Zhang (1997) and obtained a ϭ 3.3 for the ␣-chain genes and a ϭ 2.3 for the ␤-chain genes. For all trees, the statistical reliabil- The bootstrap values obtained when two marsupial genes were excluded are shown in parentheses for the nodes of interest. The sequences that evolved significantly faster or slower than the average are indicated by *. See Table  1 for the sequence data used.
ity of each interior branch was examined by the bootstrap test ( Felsenstein 1985) with 1000 replications. The divergence times of class II MHC gene clusters were estimated by the linearized tree method ( Takezaki et al. 1995) and the distance regression method. In the linearized tree method, we used the branch length test to identify sequences that evolved significantly faster or slower than the average in the phylogenetic tree. After elimination of these deviant sequences, we constructed a linearized tree under the assumption of a molecular clock. This linearized tree was used to estimate the times of divergence of different gene clusters. In the distance regression method, a linear regression of pairwise distances against various evolutionary times was used to obtain the rate of substitution, and using this rate, we estimated divergence times.
In order to estimate divergence times, we must have geologic time estimates by which the molecular clock can be calibrated. In the case of the linearized tree method, we used the time of divergence between bony fish (zebrafish) and tetrapods (450 MY ago) for ␣-chain genes and that between chicken and mammals (300 MY ago) for ␤-chain genes. To calibrate the clock with the distance regression method, we used five different geologic time estimates. They were the times between (1) rodents and humans (110 MY ago), (2) marsupials and placental mammals (170 MY ago), (3) bird and mammals (300 MY ago), (4) frogs and mammals (360 MY ago), and (5) bony fish and tetrapods (450 MY ago). These time estimates were obtained from Benton (1990) , Kemp (1982) , and Kumar and Hedges (1998) . Figure 2 shows the phylogenetic tree for ␤-chain genes from various vertebrate species when the Kimura distance for all three codon positions was used. The genes from mammalian species form a monophyletic group separate from the clusters for chicken, Xenopus, zebrafish, and sharks. This evolutionary pattern of genes is similar to that obtained by Nei et al. (1997) and indicates that nonmammalian vertebrate genes are not orthologous to the class II genes of mammals. In mammals there are four clusters of genes corresponding to DRB, DPB, DQB, and DOB. In addition, wallaby DAB and wallaby DBB appear to be basal to the DRB and DRB/ DPB/DQB clusters, respectively. In this tree the DI/DY cluster genes from cattle were not included because these genes have been found only in certain artiodactyls. The monophyletic groups of the DRB, DPB, DQB, and DOB genes were previously noted by Hughes and Nei (1990) when they studied the human and mouse genes. According to Figure 2 , the DPB and DQB clusters are more closely related to each other than to the other clusters. When the Kimura distance was used for first and second codon positions, the topology of the tree was slightly different from that of Figure 2 , but the evolutionary relationships of the gene clusters remained the same. Essentially the same results were obtained when the PC or the PC gamma distance was used.
Results

Phylogenetic Trees
The phylogenetic tree of ␣-chain genes when all three codon positions were used is presented in Figure 3 . Although the ␣-chain sequences from chicken were not available, this phylogenetic tree again shows that the mammalian genes are monophyletic and that they were generated before the mammalian radiation. The sequences belonging to each of the DR, DP, DQ, and DN clusters are also monophyletic, and in this case the DP cluster is closer to the DR cluster rather than to the DQ cluster. Of course, these relationships are not well established, because the bootstrap values for the interior branches separating the clusters are not very high (53 and 54%). An interesting feature of the tree in Figure 3 is that the wallaby DRA and DNA genes now cluster with the placental DRA and DNA genes, respectively, with rather high bootstrap values. Essentially the same topology was obtained when nucleotide sequence data for first and second codon positions were used or when amino acid sequence data were used.
Linearized Trees
Using the branch length test of the molecular clock mentioned earlier, we first eliminated three deviant sequences (indicated by asterisks), which evolved significantly faster or slower than the average at the 0.5% level, from the phylogenetic tree of ␤-chain genes (in Figure 2) . Here we used a rather high level of statistical significance, because reasonable estimates of divergence times are usually obtained even Table 2 for the sequence data used. In this case no deviant sequences were detected at the 0.5% significance level. The numbers after the Ϯ sign are standard errors. a PC distance: Poisson correction distance ( Nei and Kumar 2000) . b Gamma distance: PC distance with a gamma distribution of substitution rate among different sites.
if the molecular clock is violated to some extent ( Nei and Kumar 2000) . Using the Kimura distance, we then constructed a linearized tree, which is presented in Figure  4 . In this tree, the zebrafish sequences were used as outgroups, so that the linearized tree refers to the rest of the sequences (shark sequences excluded). The time scale given for the tree was obtained under the assumption that mammals and chicken diverged 300 MY ago. This tree shows that amphibians (Xenopus) and birds (chicken) diverged about 350 MY ago, which is supported by geologic data.
Estimates of the times of divergence between different ␤-chain gene clusters, which were obtained by using various distance measures, are presented in Table 3 . When we used the Kimura distance for all nucleotide positions, we obtained an estimate of 254 MY for the divergence between DOB and other gene clusters. Nearly the same estimate (237 MY) was obtained when the first and second codon positions were used. When we used the Poisson correction (PC) distance, we also obtained a similar estimate (219 MY), whereas the PC gamma distance gave an estimate of 209 MY. These estimates are considerably larger than those obtained by Hughes and Nei (1990) and Klein and Figueroa (1986) , but they are reasonable because the wallaby sequences diverged from mammalian sequences later than these times. The estimates of the times of divergence between the DRB cluster and the DQB and DPB clusters are similar to those between the DQB and DPB gene clusters, as expected from the tree in Figure 2. They are also considerably larger than those obtained by Hughes and Nei (1990) and Klein and Figueroa (1986) .
However, it should be noted that Hughes and Nei (1990) used the distance regression method rather than the linearized tree method. We therefore estimated the divergence times using the former method for the same set of data. The regression model used here is d AB ϭ 2rt, where d AB is the average evolutionary distance between two gene clusters, A and B, and t is the divergence time corresponding to d AB . Therefore once the regression coefficient 2r is estimated from available datasets, we can estimate the times of divergence between two gene clusters for which geologic data are not available. For example, when we used the Kimura distance for all three codon positions, the regression lines in Figure 6 gave r ϭ 0.9 ϫ 10 Ϫ9 and r ϭ 1.1 ϫ 10 Ϫ9 for the ␤-chain and ␣-chain genes, respectively. We therefore used these rates for estimating the times of divergence between different gene clusters. The results obtained in this way by using various distance measures are presented in Tables 3 and 4 . It is interesting to see that these estimates are very close to those obtained by the first method. These results suggest that the differences observed between the previous estimates and ours are not due to the difference in method. It is probably caused by the fact that Hughes and Nei (1990) and Klein and Figueroa (1986) used only human and mouse genes and the total number of sequences used was much smaller than that of our study. The numbers after the Ϯ sign are standard errors. a PC distance: Poisson correction distance ( Nei and Kumar 2000) . b Gamma distance: PC distance with a gamma distribution of substitution rate among different sites. Figure 4 shows that the five human DRB genes diverged about 50 MY ago and therefore these multiple loci have persisted in the genome for a long evolutionary time. Similarly, the multiple DRB loci in gorillas and macaques apparently persisted in the genome for a long time. Yet they are more closely related to one another than to the rodent or artiodactyl genes. This suggests that multiple copies within a gene cluster of a species were generated by recent gene duplication events. In other words, the rate of gene turnover within each gene cluster is faster than that among gene clusters. The same process may be involved in the evolution of multiple copies of the DRB cluster in cattle and rabbits, but at the present time no sufficient sequence data are available to study this problem.
The linearized tree obtained for the ␣-chain gene clusters is presented in Figure  5 . The time scale given for this tree was obtained under the assumption that bony fish (zebrafish) diverged from tetrapods (mammals) 450 MY ago. Estimates of the times of divergence between different ␣-chain gene clusters, which were obtained by using various distance measures, are presented in Table 4 . The estimate of the divergence time between the DNA/DQA clusters and the DRA/DPA clusters was 210 MY when the Kimura distance for all three codon positions was used. When only the first two codon positions were used, we obtained an estimate of 181 MY. We also obtained similar estimates by using PC and PC gamma distances (201 and 179 MY, respectively). The DNA and DQA clusters appear to have diverged between about 160 and 190 MY ago ( Table 4) , and the DRA and DPA clusters appear to have diverged at about the same time, between about 165 and 200 MY ago ( Table 4 ). The distance regression method essentially gave the same results as those from the linearized tree method ( Figure 5 ). To the best of our knowledge, these are the first estimates of the divergence times of ␣-chain gene clusters.
Discussion
As mentioned above, our estimates of divergence times of mammalian class II MHC gene clusters are considerably larger than the previous estimates. However, all estimates are lower than 300 MY, so that the gene clusters appear to have originated after mammals and birds diverged. This conclusion is supported by the fact that the bird class II ␤-and ␣-chain genes are not orthologous to the mammalian genes. However, if our estimates are correct, the genomes of most mammalian species including marsupials are expected to contain orthologous class II genes, because our estimates of divergence times (160-260 MY) are nearly equal to or greater than the estimate of divergence time be- tween marsupials and placental mammals (147-170 MY ago). It would therefore be interesting to test this prediction by studying more marsupial class II genes. Of course, marsupials may have generated some new groups of class II genes by recent gene duplication, like the wallaby DAB gene (see Figure 2) , and some original gene clusters may have been lost.
Previously we mentioned that the rate of gene turnover is much higher in class I MHC genes than in class II genes. In fact, Chen et al. (1992) and Boyson et al. (1996) showed that the gene homologous to the human class I MHC ( HLA) C locus is absent in Rhesus monkeys, gibbons, and orangutans, and it probably originated in the ancestor of humans, chimpanzees, and gorillas. Furthermore, Rhesus monkeys appear to have two duplicate copies of the class I B locus gene. Cadavid et al. (1999) showed that no homologous class I genes are shared between humans and cottontop tamarins ( New World monkey). These data give further evidence that the turnover rate of class I genes is much faster than that of class II genes. Unfortunately the genomic sequences of the class I regions of these nonhuman primate species are not available at the present time. Therefore it is difficult to study the longevity of class I gene clusters quantitatively.
One of the major events in the evolution of class II MHC genes is the acquisition of a clustered organization in mammalian species, where both the ␣-chain and ␤-chain genes of each subregion ( DR, DQ, DN, DP, or DO) are grouped together ( Figure 1) . A number of different evolutionary scenarios have been proposed to explain this organization. Blanck and Strominger (1988) , Kasahara et al. (1995) , and Klein and Figueroa (1986) proposed that subregions successively duplicated in clusters and eventually diverged from one another. These scenarios include a number of different gene duplication, translocation, and inversion events. According to these scenarios, the phylogenetic trees for the ␣-chain and ␤-chain genes should be congruent. However, our phylogenetic trees for the ␣-and ␤-chain genes are quite different from each other with respect to the clustering of the four gene clusters ( Figures 2 and 3) , though the bootstrap values for the crucial interior branches are not very high. ( Note that the DO and the DN genes are considered to show coevolution.) Actually, as Hughes and Nei (1990) indicated, the evolution of the class II region is quite complex, and at this moment it is very difficult to reconstruct the evolutionary history of this gene region. To solve this problem, it would be necessary to know the genomic maps of class II genes from many other mammalian species.
Fortunately many investigators are now studying the genomic sequences of various mammalian species. In humans the entire DNA region (3.6 Mb) of the MHC has been sequenced (MHC sequencing consortium 1999). If similar data or even partial sequence data become available from many other species, we will be able to understand the dynamic nature of the evolution of the MHC and the immune defense system in relation to the evolutionary change of foreign antigens. It would also be interesting to study the evolutionary changes of MHC genes in nonmammalian species such as birds, reptiles, and fishes (e.g., Edwards et al. 1999; Sammut et al. 1999; Shiina et al. 1999) , since they are expected to provide important information about the general features of MHC evolution.
